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ABSTRACT
Cosmic rays, thermal gas and magnetic fields in FRII radio cavities are assumed to come entirely
from winds flowing from just behind the jet shocks. Combining analytic and computational methods,
it is shown that the computed radio-electron energy distribution and synchrotron emissivity spectra
everywhere in the Cygnus A radio cavity agrees with radio observations of the Cygnus A lobes. The
magnetic field energy density is small everywhere and evolves passively in the post-shock wind. Most
synchrotron emission arises in recent post-shock material as it flows back along the radio cavity wall.
Because it experienced less adiabatic expansion, the magnetic field in this young backflow is larger than
elsewhere in the radio lobe, explaining the observed radio synchrotron limb-brightening. The boundary
backflow decelerates due to small cavity pressure gradients, causing large-scale fields perpendicular to
the backflow (and synchrotron emission) to grow exponentially unlike observations. However, if the
field is random on subgrid (sub-kpc) scales, the computed field reproduces both the magnitude and
slowly decreasing radio synchrotron emissivity observed along the backflow. The radio synchrotron
spectrum and image computed with a small-scale random field agree with VLA observations. The
total relativistic energy density in the post-jet shock region required in computations to inflate the
radio cavity matches the energy density of relativistic electrons observed in the post-shock region of
Cygnus A. This indicates that the component in the jet and cavity that dominates the dynamical
evolution is a relativistic pair plasma.
Subject headings: galaxies: individual (Cygnus A), radio continuum: galaxies, X-rays: galaxies: clus-
ters, hydrodynamics
1. INTRODUCTION
Our recent 2D gas dynamical calculations of the re-
markable FRII radio-X-ray source Cygnus A explicitly
include the dynamical effects of both hot thermal gas
and relativistic gas inside the radio cavity (Mathews &
Guo 2010, 2012; MG10 and MG12 hereafter). Since the
dynamics of relativistic, radio-synchrotron-emitting elec-
trons are known, we now extend the results of MG12 by
computing the radio synchrotron emission and magnetic
flux throughout the radio cavity and compare with de-
tailed VLA observations of Cygnus A.
Unlike all previous FRII computations, we do not ex-
plicitly compute the jet evolution, but instead assume
that the energy that inflates the radio cavity enters via
the well-observed post-jet shock region. It is assumed
that all thermal, non-thermal and magnetic energy in-
side the radio cavity originates in this small region just
behind the jet shock. This intensely energetic and pos-
sibly turbulent region is the source of a powerful wind
that flows away in every direction except, we assume,
upstream in the jet direction. With these assumptions,
it is possible to compute the entire evolution of Cygnus A
with a post-shock source region that moves out into the
cluster gas; the jet is not explicitly computed. Avoiding
the jets is convenient since sufficiently detailed obser-
vations of faint FRII jets do not currently exist while
observations of the physical properties of the luminous
post-shock regions are much better understood.
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One of the chronic computational difficulties experi-
enced by previous attempts to compute FRII dynamics,
like those of Cygnus A, is the Kelvin-Helmholtz instabil-
ity (KHI) that invariably occurs when gas, after leaving
the jet post-shock region, is diverted to flow back in the
anti-jet direction toward the cluster center as it inflates
the radio cavity. The large velocity shear generated by
this backflowing gas gives rise to KHIs that cause the
computed cavity to become irregular in shape and to
produce chaotic, irregular internal velocity fields. Nei-
ther of these attributes are observed in Cygnus A or are
common in other FRII sources. Many or most FRII radio
cavities have smoothly curved outer boundaries and ob-
served radio-synchrotron ages that decrease in a smooth,
monotonically fashion along the jet direction, showing no
evidence that the interiors of radio cavities are scrambled
by large scale KH-induced turbulence although turbu-
lence on smaller scales is still possible. In particular,
VLA observations of the radio cavity of Cygnus A reveal
a very smooth, gently curved boundary that appears to
be stable to KHI.
Computations driven by a moving post-shock source
region allow us to reproduce a number of important radio
and X-ray features observed inside the Cygnus A radio
cavity. One of our most important results in MG12 is
the realization that relativistic gas backflowing from the
jet-shock is restricted to a rather narrow shell just adja-
cent to the outer boundary of the radio cavity. Since this
flow carries with it the youngest, most energetic radio-
emitting electrons and the largest fields, we conclude that
radio synchrotron emission from the cavity arises mostly
or exclusively from this boundary backflow. Although
2this radiating shell geometry has not been considered
by most observers who interpret radio or inverse Comp-
ton X-ray emission from the radio lobe, edge-brightened
radio synchrotron emission has indeed been verified in
Cygnus A by Carvalho et al. (2005) and in other FRII
sources by Daly et al. (2010).
The KHI in the boundary backflow must be damped.
This can be accomplished either with a magnetic field
along the flow direction or by adding a small viscosity.
In MH12 we adopted viscous damping and this choice is
further supported in the discussion in Section 2 below.
Viscous damping arises naturally from the entrainment
of a small amount of cluster gas into the rapid backflow.
Entrainment also decelerates the low-inertia, thermally
relativistic backflow, but most of the backflow decelera-
tion is due to a small negative radial pressure gradient
inside the cavity. (The gradient is small because of the
large scale height of hot cavity gas in the cluster grav-
ity field.) In turn, the deceleration significantly amplifies
large scale magnetic fields in the backflow that are not
parallel to the backflow velocity.
Observations of Cygnus A indicate that magnetic en-
ergy densities throughout the cavity region are less than
the combined energy densities of local thermal and non-
thermal gas components, and this is the assumption
made in MG12. Consequently, the Lorentz term j×B
does not appear in the equation of motion, i.e. the large
scale magnetic field is not strong enough to influence the
flow of gas or relativistic plasma, and the frozen-in mag-
netic field evolves passively as it flows from the post-
shock region into the radio cavity. This passivity allows
us to explore the effects of various field morphologies in
the boundary backflow using a post-processing procedure
based on the same gasdynamical evolution described in
MG12.
The radio-synchrotron emission throughout the radio
cavity in Cygnus A is completely determined by the
energy distribution of relativistic synchrotron electrons
observed in the post-shock region n(γ) between energy
γ = E/mec
2 and γ + dγ. In Section 3 we describe how
simple analytic solutions can be used to translate this
post-shock energy spectrum to an evolved spectrum any-
where anywhere in the lobe and in particular along the
boundary backflow.
Another new result discussed in MG12 is that the small
regions of luminous radio and X-ray emission near the
tips of the jets, often referred to as “hotspots”, are more
complex than previously recognized. These kpc-sized
regions of intense radio synchrotron emission in FRII
sources are not in general located at the energetic jet-
shock source regions described above, but in arc-shaped
regions just ahead along the jet direction where the post-
shock wind first crashes against dense (shocked) cluster
gas and is powerfully compressed. In Cygnus A radio
and synchrotron-self Compton X-ray emission just be-
hind the jet shock is much weaker than from the bright
arc about 1.5 kpc ahead. Nevertheless, the post-shock
region is certainly the hottest spot in the radio cavity,
i.e. the hottest spot is not the observed “hotspot”. For-
tunately, in at least one very powerful FRII source it is
possible to observe X-radiation from both spot regions
(Erlund et al. 2010), so a new terminology is needed to
distinguish between the post-shock and compressed arc-
shaped regions. VLA observers describe significant radio
structure in and near the hotspots (e.g. Black et al. 1992
and Leahy et al. 1997) and occasionally suggest a spatial
distinction between the jet termination shock and bright
radio emission, but it is unclear how these features re-
late to the spatial distinction we discuss here for which
we provide a dynamical model.
In MG12 we chose to refer to the (typically fainter)
post-shock region as the “hotspot” and the observation-
ally brightest region as the “offset”. Here we drop the use
of “hotspot” altogether and unambiguously refer to the
post-shock region as the “shock spot” and to the more
luminous arc-shaped wind compression offset ahead as
the “bright spot”.
Detailed hydrodynamic modeling for Cygnus A such as
we describe in MG12 and discuss here at length, requires
considerable computing and analysis and therefore must
be restricted to a small set of well-chosen parameters
such as the core-hotspot distance, the age, the magnetic
field, jet luminosity, initial properties of the cluster gas
in which the event occurred, etc. Among the best known
parameters is the physical size of Cygnus A from core
to hotspots, determined from its redshift with H0 = 75
km s−1 Mpc−1, is about 60 kpc with 1 kpc per arc-
second (e.g. Wilson, Smith & Young 2006). We adopt
an age of 10 Myrs for Cygnus A which can be deter-
mined from the spectral evolution of the radio contin-
uum (e.g. Machalski, Chyzy, Stawarz & Koziel 2007)
who find 10.4 ± 1.6 Myrs using equipartition fields or
from the size and strength of the bow shock and a sim-
ple self-similar evolutionary model in the cluster atmo-
sphere (∼ 3 Myrs from Wilson, Smith & Young 2006).
Other previous estimates of the age do not differ sig-
nificantly from our chosen value, 10 Myrs (e.g. Begel-
man & Cioffi 1989; Carilli et al. 1991; Kaiser Alexan-
der 1999). The average rate that cosmic ray energy is
supplied to the radio cavity by the jet is approximately
Lcr = 10
46 ergs s−1 (e.g. Wilson, Smith & Young 2006).
Our assumed value of Lcr refers only to the single ra-
dio lobe we calculate, so the total power is Ltot = 2Lcr.
However, this power is sufficient to inflate radio cavi-
ties to volumes only about half that observed in each
Cygnus A cavity after 10 Myrs. Consequently, in §6
below we consider a second hydrodynamic model with
Lcr = 2.65 × 10
46 ergs s−1 that does reproduce the ob-
served cavity volume. Magnetic field strengths measured
by combining radio and X-ray observations are indepen-
dent of equipartition assumptions and expected to be
reasonably accurate, but they are computed with sim-
pler cavity emission geometries than we describe here.
Yaji et al. (2010) determine a (presumably uniform)
field of 20 µG in the Cygnus A radio cavity by compar-
ing radio synchrotron emission with inverse Compton X-
ray emission upscattered from the microwave background
and synchrotron-self Compton (SSC) X-rays produced by
upscattered synchrotron emission. Their analysis (espe-
cially for SSC) depends on the geometric morphology of
the synchrotron-emitting region which Yaji et al. (2010)
assume is uniform throughout the radio lobe. This differs
considerably from the edge-brightened radio lobe emis-
sion we describe in MG12. Nevertheless, until a new
data analysis is performed using our model, we adopt
20 µG as a reference “observed” value for the radio lobe
field. Our adopted field in the bright spot, about 220µG,
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taken from Stawarz et al. (2007), is less dependent on
global dynamical models. Overall, uncertainties in these
key Cygnus A parameters, and the dynamical models we
compute from them, are likely to be dominated more by
systematic errors due to inadequate underlying assump-
tions than by statistical observational errors.
2. SUMMARY OF COMPUTED DYNAMICAL MODELS FOR
CYGNUS A
Our computations of radio synchrotron emission from
Cygnus A rely largely on hydrodyamic models discussed
in MG10 and MG12. For this reason it is useful to briefly
summarize the assumptions and results in those papers.
We consider the self-consistent dynamics of a two-
component fluid: thermally (but not kinematically) rel-
ativistic cosmic rays (CRs) and hot gas having energy
densities ec and e respectively. The pressures of these
two fluids are related to the energy densities by Pc =
(γc − 1)ec and P = (γ − 1)e respectively where γc = 4/3
and γ = 5/3. CR pressure gradients communicate mo-
mentum to the gas by means of small magnetic fields
frozen into the gas that are otherwise dynamically in-
significant; Alfve´n speeds are generally small compared
to typical gas velocities. The magnetic energy density
uB = B
2/8π inferred from radio and X-ray observations
of the Cygnus A radio lobes is smaller than ec by factors
of 10-600 (Hardcastle & Croston 2010; Yaji et al. 2010).
Observed fields in the radio lobe are small, only 15−20µG
(Yaji et al. 2010). Even the much larger magnetic fields
observed in Cygnus A bright spots, ∼ 220µG, indicate
that uB is several times smaller than ec,rad, the en-
ergy density of synchrotron-radiating CR electrons alone
(Stawarz et al. 2007). Consequently, for the approxi-
mate computations discussed here we ignore the Lorentz
force j×B on the gas and regard the magnetic field as
passively moving with the hot gas velocity.
The equations we consider are:
∂ρ
∂t
+∇ · ρu = ρ˙ss (1)
ρ
(
∂u
∂t
+ (u · ∇)u
)
= −∇(P + Pc) +∇ ·Π− ρg+ ρass
(2)
∂e
∂t
+∇ · ue = −P (∇ · u) +Π : ∇u (3)
∂ec
∂t
+∇ · uec = −Pc(∇ · u) + S˙ss (4)
∂τ
∂t
+∇ · τu = 0. (5)
∂B
∂t
= ∇× (u×B) (6)
∇ ·B = 0. (7)
These equations are solved in 2D axisymmetric cylin-
drical coordinates, appropriate for the very symmetric
X-ray image of Cygnus A (MG12).
In equation (3) we omit a term for radiative losses from
the thermal gas component – this is justified by the re-
markably short age of the Cygnus A event, only 10 Myrs.
Equation (4) for the integrated CR energy density does
not include CR diffusion nor do we include loss terms
due to synchrotron or inverse Compton emission, since
strongly radiating CRs are a small fraction of the total
CR energy density required to inflate Cygnus A. A mass
conservation equation for the relativistic CR particles is
unnecessary because of their negligible rest mass.
The viscous stress tensor Π appearing in both the mo-
mentum and internal energy equations is proportional to
the (assumed constant and isotropic) viscosity µ. These
terms are provided in cylindrical coordinates in the Ap-
pendix of MG12. We assume a classical Navier-Stokes
form for the viscous terms, but it must be emphasized
that the physical nature of (turbulent or particle) trans-
port processes in relativistic, weakly magnetic plasmas
are very poorly understood (Schekochihin et al. 2010).
In our 2D computations, the gasdynamical evolution
of Cygnus A is entirely driven by an outflowing wind
from the moving shock spot source region immediately
behind the termination shock of the jet. The mean ve-
locity of the shock spot is determined by its distance
from the cluster core and the approximate age of Cygnus
A, vss = 60kpc/10Myrs = 5870 km s
−1. For simplicity
we assume this mean velocity is also the instantaneous
velocity (e.g. O’Dea et al. 2009). The shock spot veloc-
ity is maintained by an acceleration source term ρass in
equation 2, see MG12 for details. Our Cygnus A com-
putations are the first to adopt shock spot-driven gas-
dynamics; the jet is not explicitly included in the cal-
culation but its momentum and energy determine those
of the shock spot. Shock spot-driven flows are preferred
because the physical properties of the much fainter jets
remain uncertain while flow variables in the shock spot
can be found from those observed in the relatively nearby
bright spot (Section 3.3).
All magnetic field and cosmic rays inside the radio cav-
ity are assumed to originate in the shock spot wind. The
cosmic ray source term in equation (4) S˙ss = Lcr/Vss
where Vss = 4 × 10
64 cm3 is the shock spot volume and
Lcr = 10
46 erg s−1 is the approximate energy supply
required to inflate the radio cavity to its present vol-
ume. After each time step the magnetic field in the shock
spot is reset to a fixed value Bss consistent with syn-
chrotron self-compton (SSC) X-ray observations in the
nearby bright spot region (Stawarz et al. 2007). The as-
sumed constancy of Bss during the Cygnus A evolution
will need to be verified by future FRII observations. The
shock spot wind is also assumed to continuously provide
a small admixture of non-relativistic plasma onto which
the magnetic field can be frozen, as represented by the
ρ˙ss term in equation (1). Non-relativistic gas is thought
to arrive in the jet, entrained from low-entropy cluster
gas that flows up along the Cygnus A symmetry axis
(MG12). The amount of non-relativistic gas entering the
shock spot is very uncertain since it cannot be directly
observed.
Equation (5) describes the advection of τ ≡ ρtexss,
the product of the local gas density and the exit time
from the shock spot (in Myrs). At any point inside the
cavity the time at which the local gas exited the shock
spot can be found from texit(z, r) = τ/ρ. The age of
cosmic ray electrons at every grid zone inside the cavity
is tage(z, r) = 10− τ/ρ Myr where 10 Myr is the current
4time.
The powerful shock spot wind moves out in all direc-
tions, but we assume it is unable to move upstream into
the oncoming jet. By this means, material in the shock
spot is endowed with a net forward momentum acquired
from the incident jet. The subsequent flow of the shock
spot wind, confined and shaped by the dense wall of
(shocked) cluster gas on all sides, moves to the cavity
surface then back along the surface at high velocity. The
shock spot wind transforms into a “boundary backflow”
that moves in the anti-jet direction just along the outer
boundary of the radio cavity. Most of the radio syn-
chrotron emission in the Cygnus A cavity comes from
recently shock spot-energized electrons in this boundary
backflow. The observed radio synchrotron emission is in
fact mostly confined to this backflowing shell (Carvalho
et al. 2005). The backflow rapidly decelerates due to
the small negative radial pressure gradient dP/dz inside
the cavity. At a distance z = 55 kpc from Cygnus A
center, about 5 kpc back from the bright spot, the back-
flow velocity is 9× 104 km s−1, but the velocity drops to
∼ 2 × 104 km s−1 at z = 40 kpc and decreases further
beyond (see Tables 1 and 2 below).
The high velocity of the boundary backflow relative to
the surrounding gas generates a strong KH instability
that has appeared in all previous FRII calculations (e.g.
Hodges-Kluck & Reynolds 2011 and Huarte-Espinosa et
al. 2011). The KH instability eventually disrupts the
surface of the radio cavity in ways that are inconsistent
with many FRII radio images like Cygnus A which have
radio cavities with relatively smooth outer boundaries.
Even more troublesome are radio observations of the ap-
proximate spectral ages of synchrotron electrons which
vary smoothly and monotonically, increasing along the
backflow without the age mixing expected from KHI.
It is clear that the KH instability must be suppressed
and this can be done most simply either with relatively
strong magnetic fields along the backflow or with vis-
cosity which we prefer. Figure 1 shows a superposition
of many velocity vectors from MG12 for Cygnus A at
time 10 Myrs without viscosity (top) and with a small
viscosity (bottom), µ = 30 gm cm−1 s−1. The first on-
set of the KH instability indicates which surface of the
boundary backflow is unstable, inner or outer. The top
image in Figure 1 reveals that the KH-unstable back-
flow near z ≈ 34, r ≈ 9 kpc is initially diverted inward
toward the symmetry axis of the radio cavity. The anti-
clockwise motion that results is in the same sense as the
shear at the inner boundary, but opposite to the shear
at the outer boundary. Evidently, the backflow first be-
comes KH unstable at its inner surface well inside the
radio cavity. (Most previous discussions have assumed
that the KH instability occurs at the radio cavity wall.)
As in Figure 1, all computed axisymmetric images of
the Cygnus A radio cavity in MG12 are shaped like rock-
ets with sharply pointed leading edges. However, radio
observations of Cygnus A (e.g. Fig. 1 of MG12) and most
or all other FRII radio lobes show a much more rounded
blimp-shaped leading edge. As we discuss in MG12, this
difference is probably due to the rapid and frequent ran-
dom re-direction of the Cygnus A jet through small an-
gles. Such deflections can arise during interactions with
transverse gas density gradients in the filament of ther-
mal cluster gas that moves along the the same jet axis. In
our axisymmetric calculations a single active shock spot
is constrained to move without deflection right along the
symmetry axis (z direction). By comparison, in Cygnus
A a multitude of simultaneously active shock spots lo-
cated near the leading cavity boundary, each drive in-
dividual boundary backflows that converge into a single
flow as they proceed back toward the cluster core. This
results in a much more rounded cavity than those gen-
erated by a single shock spot. Radio cavity widths are
therefore expected to exceed those in our axisymmetric
calculations, particularly near the leading edge.
Figure 2 shows radio polarization observations at 43
GHz of the luminous northwestern bright spot A in
Cygnus A at 0.2′′resolution (Carilli et al. 1999). The
unknown field morphology arriving in the jet provides
the seed for the post-shock field which is compressed in
the shock, becoming more aligned parallel to the shock
surface and perpendicular to the jet direction. The post-
shock field may be more disturbed than it appears and
could be amplified by turbulence. A similar polarization
pattern is observed in the southeastern bright spot D.
The field alignment in bright spots could be consistent
with a largely toroidal field, although substantial radial
field components Br are also likely. However, Figure 3
shows that the polarization of the eastern radio cavity in
Cygnus A is far from toroidal downstream from the shock
spot. Deviations from pure axisymmetry can convert an
initially toroidal field into poloidal, so the complex ra-
dio cavity field in Figure 3 can in principle have evolved
from shock spots having (what appear to be) more or-
dered fields. Another source of non-axisymmetry are the
frequent changes in the jet direction, as evidenced by
multiple bright spots in Cygnus A and other FRIIs (see
MG12 for a discussion). In any case, for simplicity and
other computational reasons discussed below, in our gas-
dynamical calculations we initially consider only toroidal
fields in the shock spot which, due to ideal axisymmetry,
remain toroidal as they evolve downstream in the cavity.
The induction equation (6) for a toroidal field B ≡ Bφ
∂B
∂t
= −
∂
∂z
(Buz)−
∂
∂r
(Bur) (8)
automatically satisfies the solonoidal condition
∇ ·B = 0. This equation is linear in B so the computed
passive field can be rescaled to any desired initial value
in the shock spot Bss as long as the field energy is
not dynamically important. According to equation (8)
an initially uniform backflow field (∂B/∂z = 0) grows
exponentially B ∝ exp(|∂uz/∂z|t) as it decelerates
in the z-direction along the backflow (∂uz/∂z < 0).
Evidently, a radial field component Br would increase
in a similar fashion, but Bz would be much less affected
by deceleration in the z-direction.
To stabilize KHI in the backflow with magnetic forces,
it is necessary that large scale fields in the direction of
the backflow Bz provide a Lorentz force j×B that re-
sists deformation at the shear interface. Toroidal fields
have no effect on the KH instability. While the fields
observed in Cygnus A are far too small to provide KH
stabilization, it is useful to consider this case anyway
considering the uncertainties involved. When the field
is aligned with the flow, KH stabilization requires that
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the mean Alfve´n speed vA = B/(4πρ)
1/2 across an inter-
face exceed the change in the shearing flow velocity at
the interface. As discussed in MG12, the Alfve´n speed
is much less than the computed radio cavity shear flows
when vA is evaluated with 20µG, the radio lobe field ob-
served by Yaji et al. (2010), and the local density of non-
relativistic gas ρ in our computed flows. To stabilize the
KHI, either Bz would need to be about 10 times larger
than 20µG or the gas density ρ would need to be about
100 times smaller (by reducing the rate of gas supply to
the shock spot). However, if ρ is much lower than the
value adopted by MG12, the velocity of the shock spot
wind and the backflow would increase considerably due
to a much lower inertia. This would cause the apparent
ages of synchrotron-emitting electrons in the Cygnus A
backflow to appear younger than observed. These argu-
ments, together with the apparent absence of large scale
Bz fields inside the radio cavity, sharply reduce the likeli-
hood that KH can be successfully stabilized by magnetic
fields2.
We prefer KH stabilization with viscosity which con-
tributes to the deceleration of the boundary backflow.
Non-thermal jets moving through cluster gas appear to
be decelerated by the entrainment of cluster gas (e.g.
Bicknell 1994; Laing & Bridle 2002). Like the Cygnus
A backflow, outward moving jets with internal energies
dominated by relativistic particles have high energy den-
sity but very low momentum. Jet momentum is very
sensitive to the decelerating inertia provided by small
amounts of relatively stationary thermal gas that enters
across FRI jet boundaries. Evidently entrainment can
arise from a turbulent boundary layer at the jet-cluster
interface, but the cores of jets also decelerate, implying
that the entrained cluster gas continues to reduce mo-
mentum by viscosity as it diffuses toward the jet core.
Viscosity must accompany entrainment. But the decel-
eration of the Cygnus A backflow differs from that in out-
flowing FRI jets and in fact most of the backflow deceler-
ation is due to a small negative pressure gradient inside
the cavity. (This is consistent with the finding in MG12
that the contribution of viscosity to backflow deceleration
is small.) While the transport of non-relativistic cluster
gas into jets or the Cygnus A boundary backflow may be
due to complex plasma microinstabilities or turbulent ac-
tivity, our computations adopt a standard Navier-Stokes
formalism with uniform viscosity which we assume is ad-
equate for now.
Some of the viscosity experienced by the computed
2 Shock spot-driven FRII evolution introduces significant nu-
merical challenges when poloidal fields (Bz and Br) are included
in the shock spot source. Most or all available standard MHD
codes adopt the ”constrained transport” procedure in solving the
induction equation (6). With constrained transport if the initial
field is divergence-free, the computed field is guaranteed to remain
divergence-free at later times to machine accuracy. For shock
spot-driven hydrodynamics the difficulty maintaining ∇ ·B = 0
arises when assumed shock spot fields move forward on the grid
or need to be reset to constant or other time-varying values after
each time step. This reset breaks the field continuity at the shock
spot boundary, producing magnetic monopoles and non-zero ∇ ·B.
When monopoles are present the computed field may look physi-
cally acceptable and yet be significantly in error. One solution for
this, enthusiastically recommended for users of the FLASH3 code,
is to spatially diffuse non-zero ∇ ·B throughout the entire grid,
evidently minimizing the influence of magnetic monopoles at any
particular location.
backflow may have a numerical origin caused by the (un-
avoidable) numerical entrainment of cluster gas as the
boundary backflow flows at an angle across the computa-
tional grid. Numerical entrainment may result from mix-
ing and averaging gas between adjacent grid zones when
the density gradient is not perpendicular to the grid zone
boundary. This numerical effect may mimic the physical
entrainment process and viscous deceleration that occurs
in observed jets. However, in our computations numer-
ical viscosity alone was insufficient to suppress KHI. To
accomplish this it was necessary to explicitly include non-
zero viscous terms in equations (2) and (3). Neverthe-
less, the higher density of entrained non-relativistic gas
(and associated viscosity) near the cluster gas-backflow
boundary helps to stabilize the backflow-cluster gas sur-
face against KHI. This gradient of entrained cluster gas
across the boundary backflow may explain why the KH
instability in our calculation first appears in the internal
boundary of the flow, not at the radio cavity-cluster gas
interface.
3. EVALUATION OF THE ENERGY DISTRIBUTION AND
SYNCHROTRON EMISSION FROM COSMIC RAY
ELECTRONS
3.1. Evolution of the energy distribution
The number density of cosmic ray electrons n(γ, r, t)
with energy between γ = E/mec
2 and γ + dγ evolves
according to
∂n
∂t
+∇ · nu =
∂
∂γ
(−γ˙n). (9)
The energy γ decreases by expansion and by synchrotron
plus inverse Compton (IC) losses
γ˙ = −
(
γ
t
+
γ2
t∗
)
. (10)
The first term on the right expresses the assumption that
the expansion can be regarded as spatially uniform on
small spatial scales. Local uniform expansion is plausi-
ble because the spatial density gradients ∇n are small
in the Cygnus A cavity and both the shock spot wind
and subsequent backflow velocities are subsonic. Conse-
quently, we assume that the second term on the left in
equation (9) can be approximated as ∇·nu ≈ n∇·u and
for uniform expansion the velocity divergence is simply
∇ · u = 3/t.
In the second term of equation (10) t∗ is the charac-
teristic energy loss time due to synchrotron emission in
a magnetic field with energy density uB = B
2/8π and
inverse Compton (IC) losses by scattering cosmic mi-
crowave background (CMB) radiation ucmb = a[Tcmb(1+
z)]4, where Tcmb(1 + z) is the redshifted radiation tem-
perature and a is the radiation constant. The rate of
energy loss of each electron depends on its pitch an-
gle (B sin θ)2/8π so the pitch angle distribution must
be known or assumed to compute the collective energy
loss rate. Kardashev (1962) and Pacholczyk (1970) as-
sume that the initial pitch angle distribution at time t0
is isotropic and that each electron maintains this same
pitch angle θ during its later evolution. However, most
modern authors follow Jaffe & Perola (1973) and assume
that the pitch angle distribution is continuously random-
ized by (poorly understood) wave-particle interactions on
6time scales that are shorter than other times of interest.
It is implicitly assumed that pitch angles can be random-
ized without affecting n(γ) or without introducing appre-
ciable dissipative heating. In view of its physical plausi-
bility we also adopt continuous pitch angle istropization
where 〈(sin θ)2〉 = 2/3 and the θ-averaged value of t∗ is
1
t∗
=
4
3
σT
mec
(
ucmb +
2
3
B2
8π
)
. (11)
Ideally, when evaluating t∗ in a particular hydrody-
namic grid zone in the radio cavity, the appropriate mag-
netic field is the time-averaged field experienced by elec-
trons in this zone during their passage from the shock
spot to the zone 〈B〉path. This field could be determined
by computing the mean field from a number of passive
Lagrangian particles introduced in the shock spot. How-
ever, we avoid this complication here by simply adopting
the local field in the backflow, B ≈ 〈B〉path. This ap-
proximation is expected to be quite good because the de-
celeration along the boundary backflow ensures that the
mean time-averaged field seen by synchrotron-emitting
electrons is dominated by the current field at any time.
With these simplifying assumptions the particle energy
distribution equation (9) can be written as
∂n
∂t
−
(
γ
t
+
γ2
t∗
)
∂n
∂γ
= 2
(
γ
t∗
−
1
t
)
n. (12)
This first order partial differential equation has been
solved by integrating along its characteristic trajectories
with solution
n(γ, t) = Kγ−p
(
t
t0
)
−(2+p)
(13)
×
[
1−
(
γt0
t∗
)(
t
t0
)
ln
(
t
t0
)]p−2
This particular solution3 is designed to match an ini-
tial condition with a single initial power law distribution
n(γ, t0) = Kγ
−p. The evolution of n(γ, t) due to expan-
sion is represented by the first term and the second term
describes the effects of radiative losses. The second term
increases with time until n(γ, t) = 0 when
γt0
t∗
·
t
t0
ln
(
t
t0
)
> 1. (14)
To adapt this solution to our computed gasdynamical
models for Cygnus A, we translate the time variation in
the expansion term in n(γ, t) using the relation ρ ∝ t−3
for uniform expansion. Decreases in the gas density con-
vert directly to a measure of time elapsed during uniform
expansion in equation (13). Furthermore, ec ∝ ρ
4/3 so
the time t/t0 in the expansion part of the solution can
be replaced with (ec/ec,ss)
−1/4,
n(γ, t) = Kγ−p
(
ec
ec,ss
)(2+p)/4
(15)
3 This solution differs from that published by Kardashev (1962)
in which (t/t0) ln (t/t0) is replaced with (t/t0)− 1 where t0 is the
time when the electrons first appear behind the shock. As t → t0
(and (t/t0) ln(t/t0) → 0) n(γ, t) → n(γ, t0). Times t < t0 are
irrelevant since they precede the emission history of the electrons
in a given grid cell.
×
[
1−
(
γt0
t∗
)(
t
t0
)
ln
(
t
t0
)]p−2
.
Here ec is the current CR energy density in any cavity
grid zone and ec,ss is the energy density in the shock spot
at the retarded time when the gas in this grid zone left
the shock spot.
Figure 4 shows the variation of the mean energy den-
sity in the shock spot with computation time 〈ec,ss(t)〉.
By computation time we mean the time since the be-
ginning of the Cygnus A event. Although the rate that
cosmic ray energy is supplied to the moving shock spot
S˙ss remains constant in our dynamical calculations, the
energy density ec,ss(t) decreases with time with the lo-
cal cluster gas density. At early times, when the local
cluster gas pressure is high, the energy density S˙ss∆t
supplied to the shock spot in timestep ∆t cannot flow as
rapidly away from the shock spot and the resulting ec,ss
is larger. At early times relativistic gas in the shock spot
is inertially confined by the higher density and pressure
in the ambient cluster gas. The solid line fit in Figure 4
is 〈ec,ss(t)〉 = 1.85 × 10
−8 + 8.69 × 10−10(10 − t)1.9 erg
cm−3 where time is in Myrs. Likewise, although non-
relativistic gas is continuously added to the shock spot
at a uniform rate, the gas density in the shock spot de-
creases with time for the same reasons. The scatter in
Figure 4 is due to numerical transients as the shock spot
moves from one grid zone to the next.
The time factor in the radiative loss term t/t0 of equa-
tion (15) is the ratio of the age of the cosmic rays in each
grid zone (time since leaving the shock spot) divided by
the computation time when the cosmic rays left the shock
spot texss = τ/ρ,
t
t0
=
tage
texss
=
10− texss
texss
. (16)
The computation age of Cygnus A is currently 10 Myrs.
3.2. Evaluation of the local synchrotron emissivity
spectrum
The synchrotron emissivity (erg cm−3 s−1) is given
most simply by
ǫνdν = −
dE
dt
n(γ)
dγ
dν
dν (17)
where E = γmc2 and n(γ) is the number density of emit-
ting electrons between γ and γ+ dγ. The power emitted
by a single electron
dE
dt
= −
4
3
σTβ
2γ2cuB (18)
is assumed to be concentrated at a single frequency
ν ≈ γ2νg where νg =
( e
2πmc
)
B (19)
is the non-relativistic gyrofrequency of an electron in the
local field B. Then
dγ
dν
=
1
2(ννg)1/2
. (20)
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Assuming β = 1 and combining these factors, the syn-
chrotron spectrum is
ǫν =
4
3
σT γ
2cuB · n(γ, t) ·
1
2(ννg)1/2
(21)
where
γ = γ(ν) =
(
ν
νg
)1/2
. (22)
3.3. Initial conditions in the shock spot
Stawarz et al. (2007) determined the energy spec-
trum of synchrotron-emitting cosmic ray electrons in the
Cygnus A bright spots where the postshock wind first
impacts the dense wall of (shocked) cluster gas ahead.
(In Stawarz et al. (2007) the “bright spots” were re-
ferred to as “hotspots”.) The particle spectrum in the
bright spots is described with a double power law with
no detectable low energy cutoff:
n(γ) = min[n1(γ), n2(γ)] (23)
where
n1(γ) = Kγ
−p1 for γ < γcr (24)
n2(γ) = Kγ
p2−p1
cr γ
−p2 for γ > γcr (25)
where p1 = 1.5 and p2 = 3.3 and γcr = 2000 are almost
the same for Cygnus A bright spots A and D and the
average value of K is Kbs = 1.1× 10
−4 cm−3.
Because of the spatial offset of the bright spot from the
shock spot, the amplitude K = Kbs of the particle en-
ergy distribution and the field strength Bbs observed in
the bright spot must be corrected to estimate shock spot
values, Kss and Bss. This correction can be done using
our dynamical model for Cygnus A (MG12) as shown in
Figure 5. In making this correction, we consider volume-
averaged corrections for the two shock spot zones and
two similar adjacent zones (in the r-direction) located at
the bright spot. Figure 5 however only shows the correc-
tion for the innermost zone. Finally, we assume that the
shape of the observed double power law is unchanged
during its rapid flow from the shock spot to the offset
bright spot (∼ 104 yrs); this assumption is discussed fur-
ther below.
K scales with the total cosmic ray energy density,
Kss = (ec,ss/ec,bs)Kbs = 1.38Kbs = 1.49 × 10
−4, us-
ing computed profiles from MG12 and Kbs = 1.1× 10
−4
from Stawarz et al. (2007). To map the evolution of
cosmic rays from the shock spot to any grid zone in the
radio cavity, K in equations (24) and (25) must be re-
placed with Kss. Similarly, the mean field estimated by
Stawarz et al. (2007) in regions A and D, Bbs = 220µG,
must be lowered to obtain the true shock spot value,
Bss = 0.28Bbs = 62µG, again using MG12 gasdynamical
results as shown for the innermost zone in Figure 5. The
compressed field in the bright spot is significantly larger
than that in the shock spot.
As the initial double power law energy distribution in
the shock spot evolves as it flows into the radio cavity
along the boundary backflow, the two power law cosmic
ray populations both vary according to equation (13) and
continue to intersect so
n(γ, t) = min[n1(p1, γ, t), n2(p2, γ, t)] (26)
for t > t0 and with K = Kss and B = Bss.
4. RADIO SYNCHROTRON EMISSION FROM TOROIDAL
FIELD
In this first test of the procedure described above we
assume, as in MG12, that the magnetic field in the shock
spot, and therefore in the radio cavity downstream, is
purely toroidal. The objective is to reproduce the ob-
served emissivity profiles (transverse to the Cygnus A
symmetry axis) ǫν(r) at ν = 1.345 GHz shown with
dashed lines in Figure 6. These emissivity profiles across
the full diameter of Cygnus A were found by Carvahlo et
al. (2005) by cylindrical deconvolution of the flux pro-
files at each crossectional cut shown with solid lines in
Figure 6. Each panel in Figure 6 is labeled with the
distance measured in kpc from the Eastern bright spot
Dbs = 60 − z kpc. The emissivity scale (in units of
9.0×10−34 erg cm−3 Hz−1) is shown on the right in Fig-
ure 6. The spatial resolution of the VLA in Figure 6 is
1.36′′at ν = 1.345 GHz which, at the convenient distance
of Cygnus A, is about 1.36 kpc, comparable to about two
computational grid zones in MG12.
Figure 7 shows computed emissivity profiles ǫν(r) at
ν = 1.345 GHz in the spatially offset bright spot ”bs” at
zbs = 60 kpc and inside the radio cavity at z = 50, 40,
30, 20 and 10 kpc distant from the center of Cygnus A.
The three open circles in Figure 7 are approximate peak
observed emissivities from Figure 6 at z = 60, 50 and 40
kpc.
The observed peak emissivities at 50 and 40 kpc are
displaced from the computed peaks in both the horizon-
tal and vertical directions. The horizontal shift indicates
that the observed width of the Cygnus A radio cavity
at these large values of z is somewhat larger than those
in our gasdynamical model. Clearly, it would be easy
to alter the width of the computed cavity by allowing
the cosmic ray luminosity in the shock spot zones S˙ss
to increase with time. More likely, the computed width
of the radio cavity near the shock spot is small because
the shock spot is constrained to move exactly along the
z-axis. By comparison, as discussed in MG12, the jets
in Cygnus A undergo abrupt changes in direction near
the symmetry axis, causing the shock spot energy to be
distributed more broadly than in our computation, i.e.
redirected jets and their shock spots broaden the front
surface of the cavity. For these reasons the horizontal
shifts of peak 1.345 GHz emissivity in Figure 7 are not
a serious problem, easily corrected with a more detailed
3D computation.
More important is the emissivity mismatch in the ver-
tical direction in Figure 7. Computed peak emissivities
across the boundary backflow are 10-30 times larger than
those observed in 40 <∼ z <∼ 50 kpc. In addition, the com-
puted backflow emissivity at ν = 1.345 GHz increases
systematically from z = 50 to 30 kpc, a trend noticed
already in MG12, while the observed peak radio emissiv-
ity slowly decreases throughout this region (see Fig. 6).
The increase in computed ǫν is largely due to the expo-
nentially increasing toroidal magnetic field that accom-
panies backflow deceleration, B ∝ exp(|∂uz/∂z|t) (see
MG12 for details). However, there is no observational
evidence of magnetic field variation along the Cygnus A
radio cavity (e.g. Yaji et al. 2010).
Figure 8 shows the detailed energy spectrum n(γ) and
emissivity ǫν in the shock spot (solid curves) and at four
8distances along the backflow. The downstream profiles
labeled k = 1− 4 show n(γ) and ǫν at the point of max-
imum 1.345 GHz emissivity further along the backflow.
Table 1 lists the spatial coordinates of these positions
(r, z) where the 1.345 GHz emissivity peaks for each value
of z. Also listed are the field strength, emissivity and
backflow velocity all evaluated at r, z. The right and left
limits on n(γ) in Figure 8 vary to match the fixed fre-
quency range in the lower panel, but n(γ) can be extrap-
olated beyond these ragged limits. While n(γ) decreases
as expected along the boundary backflow, the peak emis-
sivity ǫν is non-monotonic. After leaving the shock spot
the emissivity at log ν = log(1.345 GHz) = 0.13 increases
from k = 1 to 3 due to the increasing magnetic field. Pro-
files labeled k = 4 show effects of radiative losses.
In summary, the synchrotron emission from a purely
toroidal field does not provide a good match to observa-
tion. The computed field is everywhere much larger than
the radio lobe field 20µG observed by Yaji et al. (2010).
The computed maximum magnetic field in the backflow
∼ 200µG is comparable to the local energy density ec,
violating our assumption of small Lorentz forces. More-
over, it is unlikely that this model can be saved by includ-
ing poloidal field components in the shock spot source,
assuming that the computational monopole problem dis-
cussed in footnote 1 could be overcome. Both radial Br
and toroidal Bφ field components would be exponentially
amplified in the decelecrating backflow. To avoid this
amplification, these field components in the shock and
bright spots would need to be converted almost entirely
to a strong field along the backflow direction Bz .
5. RADIO SYNCHROTRON EMISSION FROM RANDOM
FIELD
We now depart from the usual MHD procedure, in
which the induction equation 6 is solved for the evolu-
tion of the magnetic field. Traditional MHD hydrocodes
can only capture fields with structure no smaller than
the computational grid. However, it is useful to con-
sider fields that are random on scales smaller than the
grid size, possibly due to turbulence or poorly under-
stood plasma microinstabilities inside the radio cavity.
Flux conservation requires that the energy density of
a random magnetic field advects like relativistic fluid,
uB ∝ ρ
γB with γB = 4/3. The usual frozen-in condition
expressed by the induction equation 6 requires that the
field follow the flow velocity of non-relativistic gas inside
the cavity. By contrast, a sub-grid random field follows
the gas density, Bran ∝ ρ
2/3. 4
A subgrid turbulent or otherwise tangled field has a
number of attractive features. It is consistent with our
assumption of continuous pitch angle isotropization. It
is also consistent with KH damping by quasi-isotropic
viscosity and cluster gas entrainment which imply that
the small scale kinematics of momentum-carrying non-
relativistic gas is random at some level. Numerical sim-
ulations of MHD turbulence in single phase fluids often
indicate that an initially weak field grows in strength
until it saturates at a value comparable with the ther-
mal kinetic energy, but many details remain obscure (e.g.
4 In the limit of very high computational grid resolution, not
considered here, it should be possible to capture random fields
using the induction equation and reproduce the Bran ∝ ρ2/3 de-
pendence that we consider here.
Brandenburg, Sokoloff & Subramanian 2012). Numeri-
cal simulations of turbulence in a two-fluid mixture of
relativistic and non-relativistic gases (with ec >∼ e), the
case of interest here, have not been performed to our
knowledge. The relatively small field energy observed
in the Cygnus A cavity suggests that turbulent satura-
tion may occur when uB approaches the thermal energy
density e which is less than the total CR energy den-
sity ∼ ec. Under these circumstances the magnetic field
would have sub-equipartition values in agreement with
fields observed in many FRII lobes including Cygnus A.
Guided by these imponderables, we assume that the
random, small-scale field inside the Cygnus A radio cav-
ity at any position and time can be found from the local
gas density,
Bran = Bss(ρ/〈ρss〉)
2/3 (27)
Where Bss = 62µG as determined above
5 and 〈ρss(t)〉 is
the shock spot gas density at the retarded time when it
first emerged from the shock spot. The time dependence
of 〈ρss(t)〉 is illustrated in Figure 9. Equation (27) is an
idealized model that may not apply precisely to the com-
pressed and aligned field in the shock spot. When a field
described by equation (27) undergoes a one-dimensional
compression, the field could in principle appear similar to
the perpendicular field in Figure 2, but factors of order
unity, not considered here, may be required to reconcile
Bss with the fully random field in the backflow.
Figure 10 shows the observed and computed radio
emissivity ǫν at 1.345 GHz for the random field. It is
immediately seen that observed and computed emissiv-
ities agree quite well, differing by only 0.3 dex. Precise
agreement could be achieved by modifying some of our
assumptions and approximations. In addition, the slow
downward trend of the maximum emissivity along the
boundary backflow (decreasing z) is in excellent agree-
ment with Cygnus A observations (Figure 6).
Table 2 lists the spatial coordinates of positions (r, z)
of the 1.345 GHz emissivity peaks for each value of z.
Also listed are the field strength, emissivity and back-
flow velocity, each evaluated at r, z. The field strength
is nearly uniform along the backflow and the computed
values are almost identical to the lobe field 20µG ob-
served by Yaji et al. (2010). Both these results provide
excellent additional support for the random field model
and indirect support for our assumptions of pitch angle
scattering and viscosity.
5 Equation (27) cannot be used to modify the field observed
in the bright spot to find the shock spot field as we did with the
toroidal field assumption. The problem is that equation (27) pre-
dicts that the two spots have about the same radio synchrotron
emissivity which is inconsistent with observations of Cygnus A and
other FRII sources. In view of this we imagine that quasi-toroidal
fields parallel to the shock surface do exist in both spots as before,
so that the toroidal corrected shock spot value of Bss = 62µG
also holds when the random field approximation (eqn. 27) ap-
plies further downstream. This is reasonable because the flow time
from shock spot to bright spot (∼ 104 yrs) is very short and the
field morphology may not change much. Therefore we assume that
the field experienced by most radio-emitting electrons in the wind-
backflow inside the radio cavity rapidly becomes randomized after
leaving the shock spot, possibly due to plasma microinstabilities.
Relatively few of the cosmic ray electrons in the backflow actually
pass though the bright spot; most escape directly from the shock
spot in other directions without experiencing a strong bright spot
compression.
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Profiles of the CR energy density ec and (random field)
magnetic energy density uB in the r-direction (at selected
z) are shown in Figure 11. The spatial uniformity of
ec(r, z) across the lobe, required for pressure balance,
by itself would suggest that the synchrotron emissivity
from the Cygnus A lobes should be uniform, resulting in
lobe limb-darkening not limb-brightening. However, syn-
chrotron emission varies approximately as ecuB ∝ B
2,
therefore the peaks in uB seen in Figure 11 are critical to
explain the observed limb-brightening. Concentrations of
magnetic energy density near the lobe boundaries, par-
ticularly in the region z ≈ 30 − 50 kpc, occur in the
rapidly moving boundary backflow of newly introduced
electron CRs.
The declining magnetic field energy density at large r
in the r-profiles in Figure 11 can be easily understood
as lobe confinement near the lobe-cluster gas boundary,
but the sharp decline in uB at small r inside the lobe de-
pends critically on the evolutionary history of the Cygnus
A shock spot. Figure 9 shows that the gas density in the
shock spot 〈ρss(t)〉 at early times can be several orders of
magnitude larger than the typical lobe gas density com-
puted at 107 years, 〈ρlobe(t)〉 ∼ 10
−29 gm cm−3. Because
of adiabatic expansion, the random magnetic field that
entered the lobes from the shock spot at early times is
lowered by a factor (〈ρlobe(t)〉/〈ρss(t)〉)
2/3 which is typi-
cally much less than unity. Since radio synchrotron emis-
sivity varies as ecuB ∝ B
2, this explains (i) why the
field in older regions of the radio lobe closer to the jet
axis is so small and (ii) why synchrotron emission near
the center of the radio lobes is so much less than that
in the boundary backflow where the field reduction fac-
tor 〈ρlobe(t)〉/〈ρss(t)〉 is much closer to unity. A sharply
increasing magnetic field strength (and radio emission)
with distance from the jet axis appears to be a genetic
feature regardless of the magnetic field morphology. For
example, this feature is seen when a toroidal magnetic
field is computed with the induction equation (cf. Fig.
6 in MG12). In both cases, magnetic field variations in-
side the radio lobes are essential in explaining radio lobe
limb-brightening.
Figure 12 illustrates the detailed energy and emission
spectra of radio-synchrotron emitting electrons at five
positions of maximum ǫν along the boundary backflow
listed in Table 2. The radio emissivity drops abruptly at
z ∼ 34 kpc due to radiative losses. Most of the 1.345 GHz
emission from the boundary backflow in Figure 12 be-
haves as expected, slowly decreasing with distance from
the shock spot.
Finally, in Figure 3 we see a small radio polarization in
the boundary backflowing region which is often roughly
parallel to the local cavity boundary. Assuming random
field morphology, this can be understood as a compe-
tition between the instabilities that randomize the field
and stretching of the random field as a result of the local
transverse velocity gradient perpendicular to the back-
flow. By this means, the shearing backflow is able to
maintain a small apparent field along the flow direction,
accounting for the backflow polarization seen in Figure
3.
6. A SECOND DYNAMICAL MODEL MATCHING THE
CURRENTLY OBSERVED CAVITY VOLUME
As discussed in the Introduction, in choosing key pa-
rameters for the dynamical models of MG12 we did
not attempt to slavishly duplicate all observed proper-
ties of Cygnus A. In this sense our computed models
are semi-quantitative. Adopting an order-of-magnitude
CR luminosity of Lcr = 10
46 erg s−1, the MG12 cal-
culations generated a (single) cavity volume at time 10
Myrs which is only about 55 percent of the observed vol-
ume Vobs = 4.81 × 10
4 kpc3, determined from the mea-
sured size of a Cygnus A radio lobe assuming axisym-
metry. To test the results of our synchrotron emissivity
results, we re-calculated a second dynamical model in
which Lcr = 2.65 × 10
46 erg s−1 for which Vcav ≈ Vobs
after 10 Myrs, leaving all other initial parameters un-
changed.
Figure 13 shows that this cavity-volume preserving
model is able to fit the 1.345 GHz emissivity variations
in the cavity just as well or better than the MG12 model
shown in Figure 10. Sub-kpc random magnetic fields are
assumed in both figures. Evidently our computed ra-
dio emissivities are rather insensitive to Lcr. Another
feature of this second dynamical model with enhanced
relativistic energy density in the shock spot is that the
offset separation between the shock spot and bright spot
has increased to 2.5 kpc.
7. JET AND CAVITY IN CYGNUS A ARE DOMINATED BY
ELECTRON PAIRS
The fraction of cosmic ray electron pairs that con-
tribute to inflating the Cygnus A cavity can be found
by comparing the energy density of radiating relativis-
tic electrons in the current shock spot ece (found from
nearby bright spot observations) with the computed
value of the total current cosmic ray energy density in
the shock spot ec which includes both relativistic pro-
tons and electrons.
The total energy density of radiating relativistic elec-
trons in the Cygnus A shock spot can be found from the
current energy density observed by Stawarz et al. (2007)
in the bright spot ece,bs ∝ Kbs for whichKbs = 1.1×10
−4
cm−3. Our dynamical models (as in Fig. 5) can be
used to estimate how the density normalization coeffi-
cient K varies between shock and bright spots: Kss =
(〈ec,ss〉/〈ec,bs〉)Kbs where volume-averaged values are de-
termined for both shock spot grid zones and two similar
grid zones at the bright spot.
The total energy density of radiating relativistic elec-
trons ece in the Cygnus A shock spot is
ece,ss = mec
2
∫
∞
γcut
γnss(γ)dγ erg cm
−3 (28)
where nss(γ) is given by equation (23) and the local
value of K at the shock spot is Kss. Electron energy
spectra in FRII sources typically have low energy cutoffs
γcut ∼ 10
2 − 104 (e.g. Mocz et al. 2011). While no low
energy cutoff has been observed in Cygnus A, it might
have escaped detection if γcut <∼ 100.
Using the fiducial Cygnus A dynamical model from
MG12 and a correction from observations of the bright
spot of K = Kss = 1.38Kbs, the total integrated shock
spot energy density in electrons is ece,ss = 1.5−1.3×10
−8
erg cm−3 for 1 < γcut < 100. This range of elec-
tron energy densities is remarkably close to the cur-
10
rent total relativistic energy density in the shock spot,
ec,ss = 1.8×10
−8 erg cm−3 from Figure 4 required to in-
flate the Cygnus A cavity in the MG12 dynamical model
for which Lcr = 10
46 erg s−1.
However, for a more accurate computation of ec,ss
we can use the second dynamical model with Lcr =
2.65 × 1046 erg s−1 that reproduces the observed vol-
ume of the radio lobe cavity at time 10 Myrs. For this
model the computed zone-averaged total cosmic ray en-
ergy density in the shock spot is ece,ss = 2.2− 2.5× 10
−8
erg cm−3 for the same range of γcut and Kss = 2.31Kbs.
By comparison, the total cosmic ray energy density com-
puted for this dynamical model at time 10 Myrs is
ec,ss = 2.5 × 10
−8 erg cm−3 from a figure analogous to
Figure 4. For this solution the agreement is even closer,
i.e. ec,ss ≈ ece,ss. Consequently, most or all of the rel-
ativistic particle energy inside the shock spot needed to
inflate the cavity is contained in radiating electrons, i.e.
the shock spot – and by extension the jet and radio cavity
– are filled with a relativistic pair plasma.
This result is unaffected by the morphology of the field
(toroidal or random) or by energy losses in the cavity
due to synchrotron losses. Most of the contribution to
the integral for ece,ss comes from γ ∼ γcr = 2000 where
the electron lifetime in the cavity t∗ exceeds the age of
Cygnus A for B = 20µG, the cavity field estimated by
Yaji et al. (2010). Consequently, synchrotron losses are
not expected to significantly degrade the cosmic ray en-
ergy density ec inside the radio cavity, and that was the
assumption made in the gasdynamical computations.
Even a few relativistic protons in the shock spot having
γ ∼ 2000 would disrupt the near equality ec,ss ≈ ece,ss
found here. Each relativistic proton has a contribution
to the integral for ecp,ss that ismp/me ∼ 1800 times that
of a relativistic electron with the same energy. Because
of the low energy slope p1 = 1.5 of n(γ) in the shock
spot, low energy relativistic electrons do not dominate
the energy density ess.
8. FOREFLOW SYNCHROTRON EMISSION
The heavy line contours in the upper panel of Figure 14
show an image of the projected radio flux at 1.345 GHz
from Cygnus A at 10 Myrs,
∫
ǫνds, i.e. the computed
emissivity integrated along the line of sight. Lcr = 10
46
erg s−1 is assumed. The virtual jet moves along the z-
axis from the left and shocks near z = 60 kpc. In Fig-
ure 14 we assume that the quasi-toroidal fields observed
in the shock spot maintain the same morphology when
they are compressed in the nearby bright spot; the en-
hanced field accounts for the strong radio flux from the
bright spot. Radiation from the bright spot comes from
relativistic electrons with γ > γcr having n(γ) ∝ γ
−p2 .
Consequently, the bright spot radio emissivity increases
rapidly with the field strength, ǫν ∝ B
(1+p)/2 = B2.15
and B increases rapidly toward the tip of the cavity (Fig.
5).
The light line contours in the upper panel of Fig-
ure 14 show
∫
ecds which is proportional to the (so far
unobserved) surface brightness of IC-CMB X-ray emis-
sion from up-scattered CMB photons. If the radio syn-
chrotron image is simply approximated with
∫
ecuBds, as
in Figure 9 of MG12, the radio emission from the offset
bright spot in the forward direction is coextensive with
∫
ecds. However, in the upper panel of Figure 14 the
radio synchrotron emission at 1.345 GHz drops off more
rapidly than
∫
ecuBds toward the leading tip of the cav-
ity. The distance between peaks of 1.345 GHz and
∫
ecds
emission is only about 1 kpc.
A close examination reveals that this truncation of the
1.345 GHz image near the tip of the cavity is due to
radiative losses, causing n(γ) → 0 in the small tip re-
gion where
∫
ecuBds contours extend further in the z-
direction than those for
∫
ecds. In principle, the arc-
shaped radio synchrotron emission from the bright spot
may not always precisely define the cavity-cluster gas in-
terface at all radio frequencies. Of course the details of
this transition depend on assumptions made in Section
3. In any case, the total energy density of synchrotron-
emitting electrons observed by Stawarz et al. (2007) in
the bright spot may be slightly underestimated because
of radiative losses.
9. CYGNUS A AT A LATER TIME
The proximity of shock and bright spots in the upper
panel of Figure 14 definitely does not indicate that the
distinction we make between these two regions is unnec-
essary or unphysical. To illustrate this, in the lower panel
of Figure 14 we show the projected appearance of Cygnus
A at 20 Myrs, twice its current age, assuming that the
shock spot maintains its current properties (CR luminos-
ity, velocity, magnetic field, etc.) in the future. Because
of the negative gas density gradient in the Cygnus A
cluster, the shock and bright spots are now offset by an
easily observable 3 kpc. The bright spot radio display is
also larger since the foreflowing shock spot wind evacu-
ates a larger region as the density of the local cluster gas
decreases. This is consistent with the observation that
the size of FRII bright spots systematical increases with
projected core-hotspot distance (Hardcastle, Alexander,
Pooley & Riley 1998). Notice that at age 20 Myrs a small
amount of radio emission at 1.345 GHz appears at the
shock spot.
For an even more extreme example Figure 15 shows
1.4 GHz radio synchrotron (contours) and non-thermal
X-ray (gray scale) emission observed in the FRII source
4C74.26 by Erlund et al. (2010). X-rays are observed
from both the bright spot (SSC) and shock spot (X-ray
synchrotron?) but the bright spot clearly dominates at
radio frequencies. Both spots are elongated. In 4C74.26
the bright radio spot is in very low density gas 500 kpc
from the center of its cluster and the physical separation
between the shock and bright spots is 19 kpc. The dashed
line shows one possibility for the jet trajectory needed to
activate the observed shock spot, the dotted line shows
another, The change in orientation between the X-ray
shock spot (roughly perpendicular to the jet) and the X-
ray bright spot indicates that the bright spot is formed as
the jet strikes the radio cavity-cluster gas interface that
is inclined to the jet direction.
10. CONCLUSIONS
Observations of the Cygnus A radio cavity indicate
that the magnetic field is nowhere strong enough to di-
rectly influence the gas plus CR dynamics, uB < ec + e.
Nevertheless, the frozen-in field connects the dynamical
motion of relativistic and non-relativistic components in
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our two-fluid hydrodynamical models of Cygnus A evo-
lution (MG12). Because the magnetic field evolves pas-
sively with the post-shock hydrodynamic flow, a variety
of different field evolution models can be investigated
and compared with observation without re-computing
the gasdynamics. The goal is to find transport prop-
erties, field morphologies, etc. that best fit detailed ob-
servations. By this means we hope to understand bet-
ter the complex, poorly understood small scale physics
in weakly magnetized plasmas dominated by relativistic
energy density.
• A new terminology is proposed that avoids use of the
standard “hotspot” designation near the tips of FRII
jets. The “shock spot” is the immediate post-shock re-
gion that serves as the source of a wind that transports
cosmic rays, gas and magnetic field into the Cygnus A
radio cavity. The ”bright spot” is the much more ra-
dio luminous region where the shock spot wind impacts
against the dense (shocked) cluster gas just ahead.
• The Kelvin-Helmholtz instability (KHI) in FRII radio
lobes must be damped to match the smooth appearance
of observed radio cavities and the monotonic variation of
observed synchrotron spectral ages inside the cavity. It
is unlikely that the KHI in Cygnus A can be stabilized
by large-scale magnetic fields along the direction of the
boundary backflow inside the radio cavity. For stabil-
ity the Alfve´n speed vA = B/(4πρ)
1/2 must exceed the
velocity difference across the shearing layer. To achieve
this in Cygnus A either (i) the magnetic field in this one
direction must be ∼ 10 times larger than the total field
observed in the radio cavity or (ii) the density ρ of non-
relativistic gas must be 100 times smaller than assumed
in the MG12 calculation. But the ultra-high backflow
velocity at these ultra-low densities may cause the ra-
dio synchrotron ages in the cavity backflow to be smaller
than observed.
• If gas inside the radio lobe has a small viscosity, as we
assume, the KHI can be damped without strong mag-
netic fields.
• Radio lobe limb-brightening is due largely to the in-
creased lobe magnetic field in the boundary backflow re-
gion. The wind that emanates from the shock spot car-
ries non-relativistic gas, magnetic field and cosmic ray
electrons, all of which flow back in the anti-jet direc-
tion along the radio lobe boundaries. The radio syn-
chrotron emissivity depends on the product of the cos-
mic ray and magnetic energy densities, ecuB. However,
if ec dominates the pressure in the radio lobes, as we
assume, ec must be nearly uniform across (and through-
out) the radio lobes to balance the pressure in the lo-
cal external (shocked) cluster gas. Consequently, radio
limb-brightening is not due to spatial variations in the
CR electron density but instead to the varying magnetic
field which is larger near the lobe boundaries.
Assuming a random sub-grid field morphology, the
field anywhere in the lobe has adiabatically expanded
from the value it had when it left the shock spot. But
the field is frozen into the non-relativistic gas as it ex-
pands from the shock spot to a lower density in the ob-
served lobe following B ∝ ρ2/3. The current gas density
in the lobe that arises in the shock spot wind ρlobe(t) is
approximately uniform inside the lobe. By assumption,
the field in the shock spot remains constant with time,
but the shock spot gas density ρss decreases dramati-
cally as the lobe evolves into the cluster gas. Because
of this, the field in the lobe varies as (ρss(t))
−2/3 which
increases with time during the lobe evolution and de-
creases with the age of the CRs. Therefore, the lobe field
that emerged from the shock spot most recently (located
in the boundary backflow) is larger than fields that en-
tered the lobe at previous times. This enhances the field
and synchrotron emissivity in the boundary backflow and
explains the observed radio lobe limb-brightening. Evi-
dently a similar argument also explains large-scale limb-
enhanced magnetic fields and limb-brightening in lobes
computed using the induction equation.
• It is shown how the analytic expression for the evo-
lution of radio synchrotron electrons due to uniform ex-
pansion and radiation losses can be adapted to estimate
the electron energy distribution n(γ, r, t) and specific ra-
dio synchrotron emissivity ǫν(r, t) at every grid zone and
time inside the radio cavity. These local functions are
quite well determined from only three computed hydro-
dynamic arrays: gas density ρ, magnetic field B and the
advected time since local synchrotron-emitting electrons
left the post-shock region.
• For the first time the local energy spectrum n(γ)
and the emissivity ǫν of radio-synchrotron electrons can
be quantitatively computed throughout the radio cav-
ity only from observations of the bright spot (when cor-
rected to shock spot values) and simple assumptions
about shock spot evolution over time.
• Parameters describing the double power law n(γ) ob-
served in the Cygnus A bright spots need to be corrected
to conditions in the nearby shock spot region. The shock
spot is the source of electrons in the bright spot and the
wind that inflates the radio cavity. This correction can
be made from gasdynamical calculations.
• When this correction is made, the total energy density
of relativistic synchrotron electrons in the current shock
spot ece,ss matches the total relativistic energy density
ec,ss required to inflate the Cygnus A cavity to its cur-
rent volume. This indicates that the relativistic fluid in
radio cavities consists of electron pairs rather than a rel-
ativistic electron-proton plasma. A pure relativistic pair
plasma (possibly with some entrained non-relativistic gas
acquired during jet-gas interactions with the thermal fil-
ament) is physically attractive since it may be consistent
with a purely electromagnetic origin of FRII jets (e.g.
Blandford 2008).
• The computed radio synchrotron emission from Cygnus
A cavities having purely toroidal magnetic fields is a very
poor fit to VLA observations. Boundary backflows de-
celerate due to small negative radial pressure gradients
inside the lobes. During deceleration, the toroidal field
grows exponentially, causing the synchrotron emissivity
to increase unrealistically along the backflow. Toroidal
fields rapidly grow to exceed the fields observed in the
Cygnus A radio cavity. Evidently the radial component
of the field Br, which is also transverse to the decel-
erating boundary backflow, would also increase in the
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same undesirable way along the backflow. This unfavor-
able outcome indicates that the usual MHD codes that
solve the induction equation for the magnetic field on grid
scales or larger are unlikely to provide realistic solutions
inside radio cavities.
• Consequently, we consider a field that is random on
subgrid scales and which advects as Bran ∝ ρ
2/3. Such
a field may result from small scale turbulence due to
plasma instabilities. When saturated, the magnetic en-
ergy density uB = B
2
ran/4π may approach a low value
comparable to the non-relativistic energy density e which
is generally less than the relativistic energy density ec.
Random subgrid activity would also be consistent with
the viscous transport of non-relativistic gas, a likely
source of viscous KH damping. Using a simple model
for Bran, we find that the radio synchrotron emissivity
inside the Cygnus A cavity can be fit quite well. Bran is
almost constant along the boundary backflow and has a
value ∼ 20µG that is almost identical to values observed
in the radio cavity. The radio emissivity predicted by
the random field model slowly decreases along the back-
flow, similar to VLA observations, with emissivities that
quantitatively match these same observations.
• If the jet and shock spot parameters remain fixed, the
separation between the shock spot and bright spot in-
creases with time, becoming about three times larger
when Cygnus A is at twice its current age. This can
be explained by the reduced cluster gas density at larger
distances from the cluster core, allowing the shock spot
wind to evacuate a larger local volume.
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TABLE 1
BACKFLOW VARIATIONS FOR
TOROIDAL FIELD FOR VARIOUS z AT r
OF MAXIMUM 1.345 GHz EMISSIVITY
k z r Bt (ǫ1.345)max ×1034 (uz/c) (ur/c)
(kpc) (kpc) (µG) (erg/cm3Hz)
0 60 0.5 62 58 -0.23 0.25
1 50 3.7 77 13 -0.18 0.041
2 40 6.2 126 31 -0.056 0.018
3 30 8.7 167 44 -0.025 0.0087
4 20 8.7 151 22 -0.0082 0.0013
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TABLE 2
BACKFLOW VARIATIONS FOR
RANDOM FIELD FOR VARIOUS z AT r
OF MAXIMUM 1.345 GHz EMISSIVITY
k z r Bran (ǫ1.345)max ×1034 (uz/c) (ur/c)
(kpc) (kpc) (µG) (erg/cm3Hz)
0 60 0.5 62 181 0.14 0.27
1 50 3.7 23 0.96 -0.18 0.041
2 40 6.2 23 0.82 -0.051 0.015
3 30 8.7 22 0.61 -0.020 0.0068
4 20 8.7 22 0.45 -0.0082 0.0013
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Fig. 1.— Two calculations of overlapping flow velocity vectors for the flow in Cygnus A after 10 Myrs. Both gasdynamical calculations,
taken from MG12, are identical but without viscosity (top panel) and with a small viscosity, µ = 30 gm cm−1 s−1 (bottom panel). The first
vortex in the top panel shows that the initial onset of KHI deviates the flow toward the symmetry axis of the cavity. Since this is the same
sense as the local velocity shear at the interior surface of the backflow, the KHI first appears at the internal boundary of the backflow, not
because of shear with the cluster gas.
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Fig. 2.— Intensity contours at ν = 43 GHz with polarization vectors (‖ to B) of the northwestern bright spot A from Carilli et al.
(1999). The invisible jet is incident from the lower left. The entire image is about 5.5× 7.4 kpc
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Fig. 3.— Intensity contours at ν = 8.5 GHz with polarization vectors (‖ to B) of the eastern radio lobe in Cygnus A (Carilli & Harris
1996). The entire image is about 30× 53 kpc
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Fig. 4.— Time variation of the cosmic ray energy density in the shock spot with an analytic fit.
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:
Fig. 5.— Detailed zone-by-zone profiles of the shock-bright spot structure along the jet (symmetry) axis as in Figure 10 of MG12. Values
plotted are those of computational zones closest to the z-axis. The gas pressure P = 2/e/3, CR pressure Pc = ec/3, magnetic energy
density uB = B
2/8π, and kinetic energy density uKE = ρ(uz)
2/2 are in cgs units increased by a factor of 108. The gas velocity uz(z) in
cgs units is reduced by a factor 10−11. The CR energy density ec peaks at the shock spot where energy is injected, but radio synchrotron
emission ∝ ecuB peaks at the bright spot, about 1.5 kpc ahead.
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Fig. 6.— Solid lines are (complete) profiles of the observed radio synchrotron flux (in Jy/beam) at ν = 1.345 GHz perpendicular to the
mean jet direction in Cygnus A at 16 different distances from the eastern bright spot, Dhs = 60− zbs kpc (Carvahlo et al. 2005). Dashed
lines show profiles of the corresponding radio emissivity given in units of 9.0× 10−34 erg cm−3 Hz−1 on the right. Note that the vertical
scale changes below the first row. The horizontal axis is shown in arcseconds or kpc (1′′≈ 1 kpc).
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Fig. 7.— Transverse radio synchrotron emission profiles for toroidal magnetic field. Solid curves show the variation of computed emissivity
ǫν(r) (erg cm−3 Hz−1) at 1.345 GHz perpendicular to the Cygnus A symmetry axis. Each curve is labeled with its distance z in kpc from
the cluster center or with “bs” the bright spot emissivity at zbs = 60 kpc. The computed radio emissivity peaks in the boundary backflow
region for 50 & z & 30 kpc, then drops sharply at z = 20 and 10 kpc. The three open circles are the observed peak emissivities ǫν copied
from Figure 6 and labeled with “bs” or z in kpc.
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Fig. 8.— Energy distribution and emissivity for radio-synchrotron electrons in a toroidal field. Upper panel: Computed electron number
density n(γ, r, z) cm−3 in the shock spot (labeled “0”) and at four (r, z) positions of maximum ǫν along the backflow listed in Table 1.
Lower panel: Emissivity spectra ǫν(r, z) (erg cm−3 Hz−1) computed at each of the five positions listed in Table 1.
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Fig. 9.— Variation of the gas density in the shock spot (gm cm−3) with time during the Cygnus A evolution. The computational points
are fit with three straight lines.
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Fig. 10.— Radio synchrotron emission for a random small-scale magnetic field. Solid curves show computed emissivity profiles ǫν(r) (erg
cm−3 Hz−1) at 1.345 GHz perpendicular to the Cygnus A symmetry axis. Each curve is labeled with its distance in kpc from the cluster
center or with “bs” for the bright spot emissivity at zbs = 60 kpc. The computed peak emissivity slowly decreases along the boundary
backflow when 50 & z & 30 kpc, then drops sharply near z = 20 kpc. The three open circles are the observed peak emissivities ǫν copied
from Figure 6, each labeled with “bs” or z in kpc.
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Fig. 11.— Transverse r-contours of CR energy density ec(z, r) (upper plots) and random small-scale magnetic energy density uB(z, r)
(lower plots) in erg cm−3 at time 107 years. From left to right each set of plots shows r-profiles of ec(z, r) and uB(z, r) at z = 20, 30, 40,
50 and 60 kpc (distance from Cygnus A core) shown respectively with dotted, dash-dotted, short dashed, long dashed, and solid lines. The
strong central magnetic peak at z = 60 kpc corresponds to the bright spot. The ec(z, r) profiles remain approximately uniform across the
cavity to maintain approximate pressure equilibrium with the (shocked) cluster gas. By contrast, r-profiles of the magnetic energy density
ec (each identified with its z in kpc) peak near the lobe boundary when z & 30 kpc and become more uniform at smaller z near the cluster
core. The increase in the magnetic field near the lobe boundary strongly enhances synchrotron emission from the boundary backflow.
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Fig. 12.— Energy distribution and emissivity spectra for radio-synchrotron electrons in a random field. Upper panel: Computed electron
number density n(γ, r, z) cm−3 in the shock spot (labeled “0”) and at the four (r, z) positions of maximum ǫν along the backflow listed in
Table 2. Lower panel: Emissivity ǫν(r, z) (erg cm−3 Hz−1) computed at each of the five positions listed in Table 2.
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Fig. 13.— Radio synchrotron emission for a random small-scale magnetic field for a second dynamical model with Lcr = 2.65 × 1046
ergs s−1 and a radio cavity volume that matches that observed today at assumed age 10 Mys. Solid curves show computed emissivity
profiles ǫν(r) (erg cm−3 Hz−1) at 1.345 GHz perpendicular to the Cygnus A symmetry axis. Each curve is labeled with its distance in kpc
from the cluster center or with “bs” for the bright spot emissivity at zbs = 60 kpc. The computed peak emissivity slowly decreases along
the boundary backflow when 50 & z & 30 kpc, then drops sharply due to radiation losses near z = 20 kpc. The three open circles are the
observed peak emissivities ǫν copied from Figure 6 and labeled with “bs” or z in kpc.
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Fig. 14.— Radio synchrotron flux at 1.345 GHz (heavy contours) and approximate surface brightness in X-ray IC-CMB radiation (light
contours) for Cygnus A at its current age, 10 Myrs (upper panel) and at an age of 20 Myrs (lower panel).
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Fig. 15.— Radio emission at 1.4 GHz (contours) and X-ray emission (gray scale) from the FRII source 4C47.26 (Erlund et al. 2010).
The shock spot and bright spot are both visible in X-rays. The dashed and dotted lines are two possible jet trajectories that excited the
currently observed shock spot.
